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Abstract 
Liquid Petroleum Gas physic-chemical properties lead to specific aspects of the in-cylinder combustion and mechanical running 
of diesel engines. Comparative to the classic diesel engine, the cycle variability coefficients (COV) are presented at dual fuelling 
for maximum pressure, maximum pressure rise rate, maximum pressure angle, indicated mean effective pressure, heat release 
rate and cycle angle points of mass fraction burned. The calculated values of these parameters are bigger comparative to the 
normal values of diesel engines, but don’t exceed the maximum admitted values that provide engine reliability. From COV 
values analysis, the maximum admitted LPG cycle dose is also established.  
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1. Introduction 
In the actual context of pollutant emission reduction, the Liquid Petroleum Gas (LPG), a worldwide alternative 
fuel used on a large scale for internal combustion engines, can be a viable alternative fuel also for diesel engines. 
Even its properties make is suitable for spark ignition fuelling it can be use also for diesel engine fuelling if specific 
fuelling methods are applied [1, 2, 3]. The heat release, the energetically and pollution performance of the engine are 
influenced by different burning properties of the LPG comparative to diesel fuel. Higher combustion rate of air-LPG 
mixtures leads to the increase of maximum pressure and maximum pressure rise rate, with consequences on cycle 
variability. From this point of view, the maximum LPG cycle quantity admitted inside the cylinder can be limited 
for efficiency, mechanical reliability, noise, smooth running reasons and also because of the cycle variability 
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limitation. LPG raised vapour pressure assure forming of air-LPG mixtures of higher homogeneity. A burning 
laminar velocity comparable with the one of gasoline (0.46 m/s) [1, 4] and starting the combustion into a relative 
lean high homogeneity air-LPG mixture influences the combustion process and cycle variability [5, 6]. Wide 
inflamabillity limits of the liquid petroleum gas 2,1…10,4% versus 0,6 … 5,5%  for diesel fuel will influence the 
combustion cycle variability and may leads to an improvement of the combustion process and of the pollutant 
emissions [1, 4, 5, 7, 8, 9]. The cycle variability of air-LPG mixtures combustion is analyzed comparative to diesel 
fuelling for a 1,5 litre direct injection supercharged diesel engine, type K9K from Dacia Logan. The engine is 
fuelled with diesel fuel and liquid petroleum gas by diesel gas method. The LPG dose is injected inside the inlet 
manifold and electronic controlled by a secondary electronic control unit (ECU) connected back to back with the 
main engine ECU. 
2. Study of Diesel Engine Cycle Variability for LPG Fuelling 
The cycle variability can be characterized by coefficients of in-cylinder pressure variation. The intensity of the 
cycle variety phenomena is defined by the coefficient of cycle variability (COV), as relation (1) shows. The 
coefficient of cycle variability is defined as a relative average deviation of maximum values of the studied 
parameters, as pressure [10]. For n consecutive cycles, if is considered a normal distribution of the deviation 
probabilities, the squared average deviation can be calculated and the cycle variability coefficient is defined as: 
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where n is the number of cycles (50 consecutive cycles), a is the parameter of which variability is study and is 
defined by indicated mean effective pressure (IMEP), maximum pressure pmax, maximum pressure rise rate 
(dp/dα)max, maximum of heat release rate (dξ/dα)max and the angle where maximum pressure occurs, αpmax in the 
cycle number “i” [10]. Generally, for the cycle variability evaluation for regimes with injection timing closer to the 
value of injection timing for maximum torque brake (MTB), the coefficient of variation for maximum pressure is 
suitable, (COV)pmax. The COV of maximum pressure angle, (COV)αpmax , the moment per cycle when the maximum 
pressure occurs, is used for characterization of the combustion cycle variability during the initial phase of 
combustion. The variation of the indicated mean effective pressure (IMEP), appreciated by (COV)IMEP, is the most 
suitable instrument to define the engine response to the combustion process variability [10]. From this point of view 
the limit value of (COV)IMEP define practically the limit of mixture leaning. This cycle coefficient can also indicate 
the variability of flame development during the rapid phase of combustion. The physical-chemical properties of 
LPG show the great perspectives for spark ignition engine use (a high octane number, a laminar flame velocity 
closer to gasoline laminar flame velocity, wide inflamability limits) and difficulties for compression ignition engine 
use (a lower cetane number, high autoignition temperature) fact that implies special solutions for mixture forming 
and combustion control and also influences the cycle variability of the combustion process [1, 2, 3, 6, 7]. The 
laminar flame velocity of air-LPG mixtures which is comparable with the laminar flame velocity of air-gasoline 
mixtures will leads to the acceleration of the combustion process with effects of maximum pressure rise rate and on 
heat release rate [1, 2]. The air-LPG mixture in a higher state of homogeneity, due to propane higher vapour 
pressure will leads to a high velocity combustion process, after the flame nucleus is forming inside the cylinder next 
to the diesel fuel jet boundary [1, 4, 5, 7]. The initial very lean mixtures of air-LPG achieved inside the cylinder 
before combustion starts will influence the combustion cycle variability and engine mechanical running. The 
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quantity of LPG injected into the inlet manifold is established by an energetically substitute ratio xc which take into 
consideration the lower heating values of both fuels: 
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where: ChDF, ChLPG diesel fuel and LPG fuel consumptions, HiDF, HiLPG lower heating values of diesel fuel and 
LPG.  
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Fig. 1. (a) Maximum pressure versus xc at 2000 min-1, 100% load; (b) Maximum pressure versus xc at 4000 min-1, 100% load. 
For different substitute ratios of diesel fuel by LPG, were analyzed individual pressure and heat release diagrams, 
in terms of maximum pressure, maximum pressure rise rate and heat release rate. For full load, 2000 and 4000 min-1 
regime, the increase of LPG cycle dose leads to the increase of cycle maximum pressure and maximum pressure 
cycle dispersion, thus the dispersion of successive running cycle’s increases, as Fig. 1 shows.  
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Fig. 2. (a) Maximum pressure angle versus xc at 2000 min-1, 100% load; (b) Maximum pressure angle versus xc at 4000 min-1, 100% load. 
Also, the angle value of maximum pressure, αpmax, is registered closer to the Top Dead Centre (TDC), with is 
generally related to a rapid, brutal combustion, Fig. 2. At 2000 min-1, the dispersions between the values registered 
in consecutive cycles for maximum angle pressure tends to decrease for average substitute ratios comparative to 
diesel fuelling. For 4000 min-1, the significant quantities of LPG will lead to the increasing of dispersion between 
values of maximum pressure angle comparative to diesel fuelling especially for xc=30…40. The cycle variability is 
accentuated because of the initial lean air-LPG mixtures formed inside the cylinder before combustion start. Thus, 
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the combustion will starts in a relative lean mixture that amplifies the cycle variability. This aspect is related with 
the increase of maximum pressure values and of maximum pressure cycle variability when the LPG dose increases.  
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Fig. 3. (a) Maximum pressure rise rate versus xc at 2000 min-1,100% load; (b) Maximum pressure rise rate versus xc at 4000 min-1,100% load. 
The forming of higher homogeneity air-LPG mixture leads to higher combustion velocity, during the performing 
mixtures combustion phase, by kinetics of chemical reactions at low temperatures. This fact implies the increase of 
in-cylinder maximum pressure with 10% at maximum diesel-LPG substitute ratio, and also the increase of 
maximum pressure rise rate value, Fig. 1 and Fig. 3. For this operating regime the values registered for averaged 
cycles, shown as “mean”, are completed with the minimum and maximum values registered in the individual cycles, 
shown as “minimum” and “maximum”, respectively. The increase of maximum pressure rise rate is maximum for 
xc=9,25 and is with 68% bigger comparative to the reference value. This maximum pressure rise rate increasing will 
be limited thru the value of substitute ratio at xc=10, at maximum torque regime, leading to values that won’t 
exceeded 7 bar/CAD. For the other xc substitute ratios, the increasing percents in maximum pressure rise rate are 
much lower, 23% for xc=2,59 and 33,8% for xc=4,48, respectively. The lower increasing comparative to the 
reference regime is for xc=5,98 with 18%, with an absolute value of 4,5 bar/CAD [7]. At 4000 min-1 speed regime, 
the LPG cycle quantity is much bigger and the in-cylinder pressure reaches values with 23% higher comparative to 
the diesel fuelling, for xc=40. Values of 160 bar registered in some cycles, leads to necessity of substitute ratio 
limitation in order to maintain engine reliability. From xc=20, the cycle dispersion of maximum pressure angle 
increases comparative to maximum pressure values, Fig. 1. Also the maximum pressure rise rate registered raised 
values comparative to the only diesel fuelling, Fig. 3. The most important increase of 130% is for xc=40 substitute 
value, for which the maximum pressure rise rate is in the area of 8…10 bar/CAD. For the other substitute ratios the 
increasing percents for maximum pressure rise rate remains significant: 74% for xc=18,3 and 82% for xc=29,5 
versus diesel fuel. For a substitute ratio of xc=20…35, the maximum pressure rise rate values are in the area of 
xc=9,25 from maximum torque speed, 2000 min-1. For xc=40, the maximum pressure rise rate climbs to higher 
values around 10 bar/CAD. This fact becomes a new limitation criterion for the substitute ratio value. The limitation 
of xc is also required by variability coefficients in terms of maximum pressure rise rate (COV)(dp/dα)max, 5.129% at 
xc=0, 2.761% at xc=2.58, 3,624% at xc=5,98%, 4,124 at xc =9,25 for 2000 min-1 and 8,496% at xc=0, 6,641% at 
xc=18,3, 9,207% at xc=29,5, 7,835% at xc=40% for 4000 min-1. Following the aspects that lead to the establishing of 
a maximum substitution ratio, can be also taken into consideration the values of cycle variability coefficients for in-
cylinder maximum pressure and indicated mean effective pressure, (COV)pmax and (COV)IMEP, respectively. In order 
to evaluate the engine response to cycle variability of the combustion process for different LPG cycle quantities, the 
coefficient of variation for indicated mean effective pressure and maximum pressure were calculated and presented 
versus xc values. The cycle variability can be very well appreciated by the values of these two coefficients and they 
are related with the engine adaptability for traction [10]. The normal automotive manoeuvrability is assured if 
(COV)pmax, respectively (COV)IMEP, don’t exceeded 10%. [10]. The coefficient (COV)pmax don’t exceed values of 
4% at 2000 min-1 speed and full load regime, Fig. 4(a), being registered a slightly increases of the coefficient value 
with the LPG dose. 
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Fig. 4. (a) Coefficient (COV)pmax versus xc at 2000 min-1, 100 % load; (b) Coefficient (COV)pmax versus xc at 4000 min-1, 100 % load. 
At 4000 min-1 speed regime, the higher dose of LPG leads to a much significant continuously increase of 
(COV)pmax. Even the maximum value doesn’t exceed 3%, with no reason for xc limitation, the further increases 
tendency of (COV)pmax with xc, especially for xc>30%, can be take into consideration, Fig. 4(b). For MTB speed 
regime, the IMEP cycle variability, (COV)IMEP, is 3 times higher for maximum LPG cycle dose comparative to 
diesel fuelling, Fig. 5(a). From this point of view the substitute ratio limitation at xc = 9.25% becomes obvious. If is 
admitted as limit value [(COV)IMEP ]max = 10%, a limit value in substitute ratio of xc = 8% results [7]. For xc=40% 
the value of coefficient (COV)IMEP is 14 times bigger comparative to reference value, as Fig. 5(b) shows. 
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Fig. 5. (a) Coefficient (COV)IMEP versus xc at 2000 min-1, 100% load; (b) Coefficient (COV)IMEP versus xc at 4000 min-1, 100% load. 
 Thus, become necessary the limitation of the LPG dose at 40% in order to maintain the normal engine running 
for dual fuelling. If the admitted limit is [(COV)IMEP]max=10%, then the substitute ratio will be limited to xc=25%.  
Thus, the maximum pressure and maximum pressure rise rate are limited at pmax=150 bar and (dp/dα)max=6 
bar/CAD, respectively. At 4000 min-1, the significant increases in LPG cycle dose leads to the increasing of in-
cylinder maximum pressure rise rate due to the increase of cycle heat release, seeing that is no variation for the 
medium values of maximum cycle heat release (dξ/dα)max, in the investigated rage of xc, Fig. 6(b). The maximum 
values of the heat release rate, from the individual cycles, continuously increase. The maximum heat release 
obtained values are according with the variation of the maximum pressure and with the variation of the maximum 
pressure rise rate at the same operating regime. The maximum heat release rate diagrams present beside value from 
the averaged cycles, “mean”, also the minimum and maximum values from the individual cycles, “minimum” and 
“maximum”, respectively. The most important increase of 160% is registered for the maximum LPG dose, for the 
other quantities the increasing percent being 39% at xc=18.3 and 28% at xc=29.5. This higher values lead to the 
limitation of the LPG dose at 40%.  
ba
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Fig. 6. (a) Maximum heat release rate versus xc at 2000 min-1, 100% load; (b) Maximum heat release rate versus xc at 4000 min-1, 100% load. 
The calculated values for maximum heat release rate cycle variability coefficients, (COV)(dξ/dα)max, are 34,1% at 
xc=0%, 86,22% at xc =2,58, 56,54% at xc =5,98, 52,01% at xc =9,25 for 2000 min-1 and 35,35% at xc =0, 22,85% at 
xc =18,3, 62,73% at xc =29,5 and 32,66% at xc =40 for 4000 min-1.  
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Fig. 7. (a) COV for α5% of mass fraction burned versus xc; (b) COV for α10% of mass fraction burned versus xc; (c) COV for α50% of mass 
fraction burned versus xc; (d) COV for α90% of mass fraction burned versus xc at 2000 min-1, 100% load. 
The position of the moments of 5%, 10%, 50% and 90% from the heat release versus TDC is directly influenced 
by these phenomena’s. For 2000 min-1, the conventional 5% and 10% of heat release appears much earlier 
comparative to diesel fuel, for all substitute ratios, in a direct proportional dependence with the increase of LPG 
dose. The 90% of mass fraction burned is archived later on cycle comparative to diesel fuel, because of a lower heat 
release quantity during the main phase, 50%. The increase tendency of combustion process variability, reflected in 
the variability of the angles α5, α10 and α50 with the increasing of the LPG cycle dose is also remarked. Thus, only 
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for diesel fuelling the values of the cyclic variability coefficients increases from (COV)α5=28.3%, (COV)α10=33%, 
(COV)α50=30%, (COV) α90=29.9%, to  values of (COV)α5=49.4%, (COV)α10=80%, (COV)α50=31.3%, (COV) α90 
=34.7% for the maximum LPG dose, xc=9.25, Fig. 7. For 4000 min-1 appears the same phenomena of an earlier 
release of 5% and 10% of burned mass for dual fuelling, Fig. 8. The increase of LPG dose leads to the acceleration 
of the heat release during combustion, the acceleration of the combustion process and of the sooner achieving on 
cycle of the 50% and 90% mass fraction burned, comparative to diesel fuelling. Also the amplification of the 
combustion cycle variability, explained by α5, α10, α50, α90 angles variability, is present when the LPG cycle dose 
increases. For diesel fuelling the values of coefficients (COV)α5=45.5%, (COV)α10=29.5%, (COV)α50=4.5%, 
(COV) α90=6.1% are much lower comparative to the values registered for diesel-LPG fuelling: (COV)α5=89.5%, 
(COV)α10=64.1%, (COV)α50=84.6%, (COV)α90=46.8%, values calculated for maximum LPG dose, xc=40 and 
presented in Fig. 8. Also this phenomenon is related with a combustion process closer to engine top dead centre and 
leads to the increasing of the maximum pressure rise rate during the combustion process. 
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Fig. 8. COV for α5% of mass fraction burned versus xc; (b) COV for α10% of mass fraction burned versus xc; (c) COV for α50% of mass 
fraction burned versus xc; (d) COV for α90% of mass fraction burned versus xc at 4000 min-1, 100% load. 
3. Conclusions 
The experimental study shows the main cycle variability characteristics of the engine running at dual fuelling 
comparative to classic fuelling solution. Thus, the main conclusions can be formulated: 
1. The diesel fuel and LPG engine fuelling leads, comparative to classic diesel fuelling, to an increasing tendency 
for maximum pressure rise rate (dp/dα)max and for cycle variability (COV)IMEP. 
2. The xc substitute ratio value is limited by the maximum values or by the maximum variation interval of same 
running characteristic parameters of the engine, as is follows: if the maximum admissible level of the cycle 
variability is (COV)IMEP =10%, for IMEP, then the substitute ratio will be limited to xc=8% for 2000 min-1 and 
to xc=25% at 4000 min-1, respectively; if the maximum pressure rise rate is limited to the value (dp/dα)max=8 
c
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bar/CAD, then the LPG substitute ratio will be limited to xc=10% at 2000 min-1 and to xc=40% at 4000 min-1, 
values that will lead to a maximum acceptable in-cylinder pressure level of 160 bar. 
3. The partial substitution of diesel fuel by liquid petroleum gas leads to the increase of the heat release rate 
during the rapid combustion phase, showed by the raised level of the maximum heat release rate (dξ/dα)max 
and earlier achievement per engine cycle of 5% and 10% of mass fractions burned, from the heat release 
(decreasing of α5 and α10 angles values). This influence is correlated with the increasing tendency for 
maximum pressure rise rate values and for in-cylinder maximum pressure values. 
4. The partial substitution of the diesel fuel by LPG leads to the increase of cycle variability at the beginning of 
the combustion process, shown by the variability of the angles Į5 and Į10 with a direct influence on cycle 
variability for indicated main effective pressure IMEP, (COV)IMEP and maximum pressure, (COV)pmax. 
The 90% mass fraction burned is archived later on cycle comparative to diesel fuel, because of a lower heat 
release quantity during the main phase, 50%. Also, the increased cycle variability registered at the beginning 
of the combustion process leads to the increase of the cycle variability at the end of combustion, explained by 
the variability of the Į90 angle.  
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